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The study of early human development has been based on a small number of samples, often pooled, due to the rarity of material, and due to methodological reasons on selected genes for profiling with the subsequent risk of masking differences in gene expression between blastomeres 2-4 . In the present study, we sought to overcome these earlier limitations to obtain a more detailed view of human embryo development. To our knowledge this is the first single cell sequencing analysis investigating global gene expression within cells, individually isolated from cleavage stage embryos during the first 3 days of human development. A total of 337 oocytes, zygotes and blastomeres from 4-to 10-cell embryos were collected from clinics in Sweden and Switzerland (ethical permissions and legislation in Online Methods). To investigate global gene expression, we used single-cell tagged reverse transcription (STRT), a highly multiplexed method for single-cell mRNA-sequencing that allows molecule counting 5 . To test the validity of our findings, we performed sequencing on single cells using the Tang et al method 6 . All results were replicated in independent cells and sequencing experiments. The cells were collected into individual wells on a 96-well plate, reverse transcribed, barcoded, pooled and sequenced as one library (Online Methods, Supplementary Table 1 and Supplementary Data 1). In human, mitotic cell divisions occur in the absence of cellular growth that divides the volume of daughter blastomeres 7 (Fig. 1a) and reduces the amount of transcripts per cell (Fig. 1b , supported by Dobson et al 8 ) . Therefore, in this study we used internal control mRNAs to estimate absolute mRNA count per cell to compensate for the reduction in transcript number.
We first compared transcript profiles in oocytes and zygotes, as they are stages just before and after fertilization. Previous studies using microarrays based on traditional assumption of equivalent transcriptome distributions have shown very little difference between oocyte and 4" " zygote stages 8 . We detected 1,804 genes and 32 repeat elements accumulated at the zygote stage (Fig. 2a, 2b and Supplementary Data 2) of which 44 genes were specifically detected only in zygotes ( Fig. 2b and Supplementary Table 2 ). The most abundant among the zygote-specific genes was a transcript originating from the complex D4Z4 region located on chromosomes 4q
and 10q (Fig. 2c) , which contains the DUX2, DUX4 and DUX4-like genes. DUX4 is a double homeobox-containing transcription factor expressed in a small number of cells in human muscle, testis, ovary and heart 9 .
In our data, out of the 25 complex repeats that increased at zygote stage, 13 belong to ERVs and seven to LINE families 10 (Supplementary Table 3 ). In recent years, retrotransposons such as ERV (Endogenous Retroviruses) and LINE (Long Interspersed Elements) have been shown important for early murine embryo development [10] [11] [12] . The observed change in the transcriptome profile in zygotes compared to oocytes may be due to active transcription caused by genomewide demethylation occurring after fertilization 13 . Since polyA tail is a prerequisite for STRT sequencing, other known processes affecting the polyadenylation may cause the observed change.
Such processes are cytoplasmic polyadenylation of maternally-derived transcripts, that has been shown as enriched in murine oocyte to zygote transition 14 , or recruitment of translationally inactive mRNAs stored in subcortical ribonucleoprotein particles in oocytes 15 . Taken together, we addressed fundamental questions on human preimplantation development and uncovered transcriptome characteristics implicating DUX4 as an early embryonic activator expressed in the zygote. Moreover, we detected signs of embryo polarity already at the 8-cell stage. Certainly, mRNA expression does not accurately predict protein abundance or activity.
However, the actual mRNA content at the earliest developmental stages needs to be understood at single cell resolution. Knowledge of the complexity in gene expression changes within single cells during the different embryonic stages is critical in understanding basic molecular mechanisms and functions in normal and subsequently abnormal preimplantation development.
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In summary, our analysis provides a vital foundation for future in-depth studies of early human development.
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We thank the anonymous donors of cells for this study. After fertilization an increase in available polyA transcripts was detected. In the subsequent two cleavages, we observed 8-fold reduction in transcript count between zygote and 4-cell stage, indicating both active (actual mRNA degradation) and passive (mRNA content division between daughter blastomeres) decrease. proteins implicated in a variety of biological processes such as the regulation of differentiation, development and oncogenesis (NCBI, conserved domains). Little or no expression of these genes was detected in the human oocytes, indicating that they were accumulated following fertilization. and RPS4Y, the primate specific zinc finger gene ZNF100 was also enriched in candidate male embryos, while SOX4, KIF4A and DDX3X were decreased. NMP1 and RPS6 were used as controls (Supplementary Data 2). 
Material and methods

Ethical statement
This study was reviewed and approved by the ethics review boards according to the applicable law in Sweden (The Regional Ethics Board in Stockholm) and in Switzerland. All cells were donated by couples who previously had had infertility treatment by in vitro fertilization and whose cells not needed for treatment had been cryopreserved. The donations of cells were by informed consent; the donated cells were destined for destruction after legal storage time had been reached. Zygotes were collected in Switzerland (authorization CE2161 of the Ticino ethical committee, Switzerland) and dissolved in reaction buffer before transfer to Sweden for sequencing. Oocytes and embryos were collected in Sweden.
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Human embryo culture and blastomere isolation
Non-fertilized MII oocytes were collected from the IVF clinic and the zona pellucidas (ZP) were removed using acid Tyrode´s solution (TS) (5mg/ml, Sigma-Aldrich). The dezoned cells were put into lysis buffer in individual wells on a 96-well plate and thereafter immediately frozen on dry ice. Zygotes were frozen at the pronuclear stage (2PN) 18-20 hours after fertilization. After thawing, the ZPs were removed using TS and treated as above.
Cleavage stage embryos were frozen at 4-cell stage on day 2 after fertilization. After thawing, embryos were allowed to develop until 6-10 cell stage in a sequential culture system (G1/CCM medium, Vitrolife) at 37°C and 5% CO 2 and 5% O 2 . Individual blastomeres were obtained from each embryo by laser-assisted biopsy. Briefly, the embryos were held with a holding pipette and a laser beam created approximately 50µm big holes in the ZP. Individual blastomeres were aspirated and put individually into lysis buffer and frozen for downstream applications. All embryos used for blastomere biopsy were of equal size with little or no cytoplasmic fragmentation.
Single cell mRNA sequencing using the STRT method
In this study we applied single-cell tagged reverse transcription (STRT), a highly multiplexed 
Visualization of single cell RNA sequencing results on human genome
For visualization purpose, raw RNA sequencing reads were sorted by barcode (only for STRT), trimmed, and mapped to reference sequences, which consists of human genome UCSC hg19, human ribosomal repeating unit (GenBank: U13369) and the spike-in mRNA sequences, using TopHat 42 . For the visual inspections of transcription start sites using STRT reads, we used 5'-end position of the alignments. Read count was divided by the number of aligned sites, for example, one multiply aligned read at 10 sites were accumulated as 1/10 read at the 10 sites. We used UCSC Genome Browser 43 for the genomic visualization, with the UCSC hg19 assembly.
Transcript validation
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